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processes have been developed based on cheap reinforcing fibers, the hybrid effect of different reinforcing fibers or an adapted material structure. These non-asbestos gasket materials not only are significantly cheaper but also have a better performance at high temperatures. Gu & Chen developed two kinds of sealing composite materials. One was reinforced with aramid and pre-oxidized hybrid fibers and prepared by molding preparation method and the other was reinforced with carbon and glass hybrid fibers and manufactured by using calendar preparation method. The effect of different surface treatment methods of the fibers on the heat resistance of the composite materials was studied. The optimum prescriptions of the composites were obtained by regression design method . Gao & Chen carried out explorative investigations on the preparation method of nanometer calcium carbonate filled modifications of rubber-based sealing composite materials and on the influence of nanometer filled modifications on the mechanical properties of the prepared gasket materials (Gao & Chen, 2009) . A novel material concept for compressed fiber materials was proposed to significantly decelerate the ageing of elastomer bound gasket materials by the use of special elastomers and an adapted material structure, i.e., the multi-layer structure. The steam testing, as opposed to the standard gasket testing, has been used to demonstrate this improvement (Piringer & Rustemeyer, 2004) . It is essential that gasket materials possess good mechanical performances and sealability. Mechanical performances include compressibility, resilience and stress relaxation property. They are usually used to evaluate abilities to cause gasket material deformation into flange face irregularities under assembly condition, to hold sealing surfaces of joints contacted tightly under internal pressures, and of stress retention at high temperatures, respectively. Sealability is a comprehensive performance of gaskets and indicates the ability to prevent the sealed fluid from leakage through the joints. Sealability can also be called tightness and can be measured quantitatively by the leakage rate. In the mid 1980s, the American Pressure Vessel Research Committee (PVRC) set up "Roomtemperature Mechanical Test Procedure" and "Hot Mechanical Test Procedure" for estimating the probable long-term performance and potential fire survivability of nonasbestos gaskets to guide the qualification and selection of non-asbestos spiral wound, jacketed and sheet gaskets for petroleum and petrochemical plant services in the range of 423-866K. Procedures, test fixtures, and typical test results for several process plant gaskets were discussed. An aged exposure parameter was introduced that correlates cumulative damage with exposure time and temperature for materials that degrade over time (Payne et al., 1989a; Payne et al., 1989b; Payne & Bazergui, 1990) . The change in properties of some compressed sheet gasket materials subjected to temperature exposure for periods of up to one year was investigated by Marchand & Derenne. This resulted in a better understanding of the long term effect of thermal degradation on the properties of elastomeric sheet gasket materials. An improved qualification protocol based on the obtainment of the thermal endurance graph of a sheet gasket material was proposed for the extrapolation of the long term service temperature (Marchand & Derenne, 1996) . Tsuji et al. researched experimentally the effect of aging time on sealing performance of non-asbestos spiral wound gaskets at elevated temperatures under either the stress controlled condition or the strain controlled condition. The tightness parameter T p at different elevated temperatures was obtained. The results indicated that the non-asbestos spiral wound gasket had the same sealing performance as the substitute for the asbestos spiral wound gasket between 483 and
Manufacturing technology of NASC

Molding process
The molding process of NASC is similar to that of the traditional rubber based composites, as shown in Fig. 1 . The plastication should be carried out using a mill mixer or an internal mixer, to improve plasticity of raw rubber. Before this step, raw rubber may be roasted in a hot chamber within 333-343 K to decrease its hardness and improve manufacturability. The roll temperature of the mill mixer should be controlled below 343 K, and the roller space is about 0.5-1 mm. The gross rubber is obtained in the mixing step where all accessory ingredients and filling materials are evenly dispersed in broken-down rubber by extrusion and shearing actions of rollers repeatedly.
Fig. 1. A molding process of NASC
The mixing step can also be carried out in a mill mixer or an internal mixer. During mixing, the reinforcing fibers can be evenly dispersed in gross rubber, and the aspect ratio of the fibers is reduced to an appropriate value. In the vulcanization step, the rubber and a vulcanizing agent will chemically crosslink at sulfurizing pressures and temperatures. The effect of sulfurization parameters on the transverse tensile strength of aramid fiber reinforced NASC is illustrated in Fig. 2 . 
Calender process
A calender process flow diagram is illustrated in Fig. 3 . In this process, rubber is dissolved by an organic solvent and then mixed with other constituents. The NASC sheet is molded in a roller-type calender. Preparation of rubber paste is fulfilled in three steps including plasticizing, mixing and dissolving. The mixing and plasticizing steps are the same as those in the molding process. The gross rubber should be separated into small pieces, and then dissolved into the rubber paste by organic solvents, such as gasoline, benzene, methylbenzene and ethyl acetate. In the mixing step, rubber paste, filling material and reinforcing fibers are mixed, and good quality gross rubber particles with suitable diameter, humidity and hardness are prepared.
Reinforing fibers
Short-cutting The calender process is carried out with two rollers rotating in the opposite directions. Gross rubber particles are fed into the clearance between rollers, and manufactured into NASC sheets. The operating principle of a roller-type calender is shown in Fig. 4 . The operating parameters of the calender process mainly include speed ratio of rollers, calender speed (roller surface speed), roller temperature, feed speed, roller clearance and extrusion pressure. The two rollers are usually thermally stabilized by steam and cool water, respectively. Accordingly, they are called hot roller and cold roller. The appropriate speed ratio of two rollers is in the range of 1.04-1.06.
Surface treatment of non-asbestos reinforcing short fibers
The surface activity of most non-asbestos fibers is very poor, which leads to the lower wettability between fibers and rubbers. Therefore, in order to obtain a good interface bonding strength, the reinforcing fibers must be pretreated by suitable surface treatment methods. The commonly used surface treatment methods include surface activating treatment and dipping treatment. Some NASC were developed by the molding process with aramid short fiber as reinforcing fiber, and NBR and NR as elastic binding material. Three surface treatment methods were adopted to pretreat aramid fiber; they are RFL latex dipping, HRH binding agent treatment and silane coupling agent dipping. The results of SEM observation of the developed NASC are shown in Fig. 5 . It can be seen that the surfaces of the aramid fibers without treatment are very smooth, and there are only a few rubber particles adhering on the fiber surfaces. After surface treatments, the adhesion effect between fiber and rubber matrix was obviously improved. Carbon short fiber can be treated by coupling agent dipping process or epoxide resin coating process after pretreating by air oxidation process or low temperature plasma process. The transverse tensile strength of NASC developed by the calender process was tested after aging treatment at 623 K, and the results are shown in Fig. 6 . It can be seen that surface treatments have improved the reinforcing effects of carbon fiber. The treatment effect of glass fiber by coupling agent is also distinctive, as illustrated in Fig.  7 . The glass fiber should be firstly dipped in a silicon coupling agent water solution for pretreatment, and then immersed into an epoxide resin methylbenzene solution (2wt%) for further coating treatment. Finally, they must be dried at 423 K to solidify impregnated layer. The SEM photos of transverse tensile fracture sections of carbon/glass hybrid fiber reinforced NASC aged at 623 K for 5 hours are shown in Fig. 8 . It can be seen that the intertwined and the rubber coating conditions of fibres are obviously improved after the surface treatment of the fibers by the coupling agent/epoxide resin coating process. 
Formulation design of NASC
Selection of raw materials for NASC
The main constituents of NASC are non-asbestos reinforcing fibers, elastic binding materials, filling materials and chemical additives. There are great differences of the physicochemical properties between non-asbestos fibers and asbestos fibers. Therefore, in the design of NASC, the effects of the properties and the content of the non-asbestos reinforcing fibers on the performances and manufacturability of the NASC should be paid more attention. The suitable non-asbestos reinforcing fibers are usually selected according to the performance requirements of NASC. Heat resistance, aspect ratio, medium-resistance, compatibility with rubber, performance-price ratio and source of the reinforcing fibers 
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should be considered, too. The commonly used non-asbestos reinforcing fibers include carbon fiber, aramid fiber, glass fiber, mineral wool, plant fiber, and so on. Elastic binding material binds reinforcing fibers and other filling materials together, makes up elastic network structure, and provides compression-resilience and medium-resistance performances of NASC. Natural rubber, nitrile rubber, styrene-butadiene rubber, neoprene rubber, ethylene propylene rubber, fluorine rubber and silicone rubber can all be used as the elastic binding materials of NASC. In consideration of the product performances and price, natural rubber and nitrile rubber are preferably selected. The filling materials of rubber products include compatibilization filler, reinforcing filler and functional filler. Commonly used filling materials include brucite fiber or sepiolite fiber, carbon black, carbonate, sulphate, metallic oxides, and silicon oxides. In NASC, large grained filler must pair up with short grained filler to maintain proper inter space among rubber bulk material, fibers and filler particles, and ensure sufficient combination between rubber and filler particles. The selectable accessory ingredients include vulcanizing agents, vulcanization accelerators, vulcanizing activators, anti-aging agents, plasticizing agents and colouring agents etc.. The mixture of dibenzothiazyl disulfide (40 wt%) and tetramethylthiuram disulfide (60 wt%) can be used as a vulcanization accelerator. Zinc oxide (3-5 wt%) and stearic acid (0.5-2 wt%) can be selected as a vulcanizing activator. N-phenyl-n-isopropyl ursol (4010NA) is usually used as the anti-aging agent of rubbers, and the amount is about 1-4wt% (related to rubber weight). Plasticizing agents, colouring agents, solvent, blowing agents, dusting agents and reinforcing resins etc. can also be adopted as accessory ingredients.
Formulation design of NASC
The uniform design method can be used to further decrease test number in formulation optimization. The approximate formulation of composites can be obtained by uniform design, but the principal and subordinate factors which affect material performances cannot be analyzed by the design table. Furthermore, the regression design can also be adopted to optimize the formulation of NASC. In the mixing regression design, a small quantity of test points will be selected to obtain enough experimental data. According to these data, the regression equation can be derived from the relationship between the test index and the different constituent contents. Finally, the optimization point can be obtained.
Formulation design of aramid fiber reinforced NASC
The formulation design of the aramid fiber reinforced NASC can be defined as the design problem with three components which include reinforcing fiber (aramid fiber), elastic binding material (NBR/NR) and filling material (compatibilization fiber). In consideration of the attribute for processing of the material, the content of components in NASC is limited by Eq. (1).
where x 1 , x 2 and x 3 are the weight contents of aramid fiber, compatibilization fiber (brucite fiber or sepiolite fiber) and elastic biding material, respectively. The contents of other ingredients, such as accessory ingredient, can be determined according to the contents of three components mentioned above. By selecting 5 factor levels for each component, the uniform design scheme for test points is listed in According to the test points in Table 1 , aramid fiber reinforced materials were developed by the molding process. It can be seen in Table 2 that the transverse tensile strength of the materials developed according to ③, ③ and ③ test points meets the strength requirement (≥7.0 MPa). The strength of the materials prepared according to ③ and ③ test points are obviously higher than that of scheme ③. Too much reinforcing fiber in the material of formulation ③ and ③ led to the poor processing manufacturability and low production efficiency, and therefore, formulation ③ was chosen to be the preliminary scheme. Table 4 . The effect of aramid fiber content on performances of NASC (The amount of elastic binding material is 20 wt%)
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The optimization formulation of aramid fiber reinforced NASC is listed in Table 5 . Formulation of aramid fiber reinforced NASC
Formulation design of carbon/glass hybrid fiber reinforced NASC
The regression design of carbon/glass hybrid fiber reinforced NASC can be defined as the design problem with three components which include reinforcing hybrid fiber (carbon/glass hybrid fiber), elastic binding material (NBR) and filling material (compatibilization fiber and other stuffings). In consideration of the attribute for processing of the material, the component contents in NASC are in the following ranges:
where X 1 , X 2 and X 3 are the contents of the elastic binding material, the reinforcing fiber and the filling material, respectively. The stress relaxation rate y of NASC after ageing treatment at 573 K is used as an evaluating indicator, and the regression design of NASC is to obtain the regression equation by the experiments under the following conditions:
where a i and b i are the constraint conditions described in Eq. (2). A symmetrical complex Z is established. The coordinate system x 1 x 2 x 3 represents the actual design space of the components of NASC, and the coordinate system z 1 z 2 z 3 represents the encoding space. Accordingly, the relationship between Z and X can be expressed by:
where B=max(z ij ), i is the test number, and j the variable number. The coordinates of the actual test points are listed in Table 6 , where the stress relaxation rates of the materials after ageing treatment at 573 K are also listed. The stress relaxation rate of NASC after ageing at 573 K can be expressed by the coordinates of the encoding point, and the regression equation holds: 
where ŷ is the predicted value of the stress relaxation rate of the material, and z 1 , z 2 and z 3 are the coordinates of the encoding point.
Encoding content of components
Actual content of components NO.
Relaxation rate y (%) Table 6 . Experimental scheme and test results
The purpose of prescription optimization is to improve the heat resistance and the attribute for processing of NASC, to reduce the self-cost of the raw materials of the product, and to ensure the stress relaxation rate of the material satisfying the index prescribed in the product standard. The prescription optimization of NASC is to obtain the optimal values of z 1 , z 2 and z 3 under the following conditions:
According to Eq. (5), the coordinates of the best theoretic design point of the contents of the components in NASC can be obtained, as z 1 =0.38, z 2 =0 and z 3 =0.63. From Eq. (4), the formulation is x 1 =0.186, x 2 =0.4 and x 3 =0.414. Some NASC were prepared when the weight ratio (carbon fiber to glass fiber) equalled to 4:0, 3:1, 2:2, 1:2, 1:3 and 0:4 respectively. The experimental results of the transverse tensile strength and the stress relaxation rate of these materials after ageing treatment at 573 K for 5 hours are shown in Fig. 9 . It can be found that the strength of the material is the highest and the relaxation rate is relatively low when the weight ratio is 2:3 (weight content of carbon fiber in hybrid fibers is 40%). 
Measurement and characterization of micro structures of NASC
Measurement and characterization of aspect ratio
The aspect ratio of short fiber determines the transfer and distribution of stress in material, and its distribution regularity can be obtained by measuring the radius and the length of f i b e r s i n t h e N A S C p r o d u c t s . S o m e s a m p l e s o f N A S C w e r e p r e p a r e d . U s i n g o r g a n i c solvents, such as gasoline or toluene, to dissolve the matrix rubber, the short fibers different in size are left and dried. Considering the fiber radius is about micron, a digital camera with high-resolution is used to take pictures of fibers, and the length and radius of each short fiber are obtained by numerically analyzing the pictures. Then the distribution of aspect ratios can be obtained by counting the aspect ratios of 500 to 1000 fibers. The typical histograms of aspect ratios of aramid fibers can be seen in Fig. 10 . The distribution of aspect ratios in NASC is influenced by the initial aspect ratio, the rapture characteristic and the content of fibers, the matrix characteristic and the preparation process. If the aspect ratio varies in a relatively small range, it can be characterized by the mean aspect ratio. If it distributes dispersedly, however, the characterization with a distribution function is appropriate. Furthermore, a histogram can also be used to express the distribution of aspect ratios without considering the dispersity of aspect ratios. The log-normal density function is usually used to characterize the aspect ratios, as Eq. (7) expresses.
, ld is the mean aspect ratio and mod ld the maximum probability density of the aspect ratio. The arithmetical mean of aspect ratios can be calculated by Eq. (8).
( )
where s ld is the average value of aspect ratios, m is the number of short fibers and n ld is the aspect ratio of the number n short fiber. The arithmetical mean aspect ratio can also be calculated by Eq. (9) if the histogram of aspect ratios is known.
where l i /d is the aspect ratio of fibers in the interval i, and p i is the ratio of the number of fibers whose aspect ratios are in the interval i to the total number of fibers.
Measurement and characterization of fiber orientation
Investigating the orientation of fibers in matrix will provide both theoretical explanations for the reinforcing mechanism of short fibers and the basis for prediction and optimization of mechanical properties of NASC. knife to machine a smooth end face, of which the normal direction should be along the rolling direction. Thirdly, visually observe the end face using a microscope associated with a high-resolution digital camera. Finally, analyze the photos and find out the configuration of the elliptical cross section of fibers. The orientation angle can be determined from the long axis and the short axis of the ellipse, as illustrated in Fig. 11 . The normal direction of the cross section is in accordance with the reference direction, and the orientation angle is the separation angle between the axial direction of a fiber and the reference direction. The relationship among and the long axis length a 1 and the short axis length a 2 is in the form
The orientation of a fiber can be characterized by a histogram, a distribution function or modified coefficients. The orientation expressed by an exponential density function f( ) is
where ξ is the fiber orientation parameter. In order to utilize the results of the fiber orientation characterization to predict the macro mechanical properties of NASC, the modified coefficients are introduced. The longitudinal modified coefficient f 1 can be calculated by Eq. (12) based on the distribution function.
()
f θ1 is employed to evaluate the influence of fiber orientations on longitudinal mechanical property. The transversal mechanical property is evaluated by the transverse orientation coefficient f θ2 which can also be obtained based on a distribution function or a histogram given by Eqs. (13) and (14), respectively. 
Fiber distribution in matrix
Theoretical work on NASC is usually based on the assumption that fibers are stiff and straight in matrix. The real fibers, however, bend and wind together. With the reduce of fiber contents or the increase of fiber lengths, fiber bending and winding are enhanced. Due to the forming process, the bending, winding and uneven distribution of fibers always exist randomly and are very difficult to be characterized.
Thickness of interface
For most fiber reinforced composites, the thickness of interface between a fiber and the matrix is very small and hence is usually not considered. For NASC, however, to enhance the reinforcing effect of fibers and to optimize the bonding capability of fiber surface, short fibers should be pretreated using surface conditioning agents before mixing, and the interface has great influence on mechanical properties of NASC. The interface thickness can be easily determined by calculating the change in the fiber radius before and after pretreatment.
Porosity
Some pores will occur during the preparation process of NASC, especially in the sulfuration process. Most of these pores exist in the interface and they will change the stress transfer mode. The porosity p, which is the ratio of the total volume of all pores to the volume of the composite, can be used to evaluate the volume fraction of pores in the composite.
A micromechanical model and prediction of macro performances
Loads exerting on NASC will be transferred to fibers through matrix, and the mechanism relates to constitutive equations and mechanical behaviors of fibers, matrix and interface phase. According to the thermo-viscoelastic theory and the shear-lag theory of fibrous composites, a micromechanical model of a single fiber cylindrical cell, which includes a fiber, the matrix and their interphase, is established. Fig. 12 illustrates a micromechanical model of NASC, where l is the fiber length, L the matrix length and L≈l. The volume content of fiber is V f .
A micromechanical model of NASC
Fig. 12. A micromechanical model of NASC
The stress transfer procedure can be seen in Fig. 13 . Fig. 13 . Micromechanical stress transfer in NASC When the single fiber cylindrical cell is only subjected to the tension load along the x axis, the circumferential and the radial stresses in the model are much less than the axial stress, and they can be neglected. The equilibrium relationship of the stresses shown in Fig. 13 can be expressed by 
where im (x) is the shear stress at the interface boundary near the matrix. The shear stress in the matrix is a time dependent physical quantity, and it holds the following relationship with the shear strain.
where u m (r, x, t) is the axial displacements of the matrix, and J τm (t-s) is the creep function. If the bond of both the matrix and the fiber with interface ideally, the axial displacement of the matrix can be expressed by 
According to the viscoelastic theory, the shear stress of the matrix if (x, t) holds ( ) 
where G τm is the relaxation function of if (x, t) . 
Eq. (22) is the micromechanical model of NASC which expresses the stress transfer regularity among the matrix, the fiber and their interface.
Fig. 14. Influence of the fiber aspect ratio on the stress distribution
The stresses in fibers and interface are illustrated in Fig. 14 , where the coordinate x represents the axial distance from the midst (x=0) to the end (x=l/2) of the fibers. Fig. 14(a) reveals that the axial stress in the fibers f reduces from the midst to the end, and with the increasing aspect ratio , f at the fiber end increases. Fig. 14(b) illustrates the shear stress distribution in interface at the fiber side, and the shear stress increases from the midst to the end.
Prediction of mechanical performances of NASC 5.2.1 Prediction of the stress-strain relationship
Since the module of interface is much smaller than that of fibers and the interface thickness is much smaller than the matrix, the load is borne mainly by the fibers and the matrix. When the aspect ratio of the fiber is no larger than a critical value, the stress-strain relationship can be expressed by 
When the aspect ratio of the fibers is larger than the critical value, the relationship between stress and strain can be expressed by 
where ε cf is the tensile strain of the fibers at the time it breaks, which holds ( ) cf fu f f 00 1 1 cosh
Prediction of the tensile module
Due to the effect of fibers, the maximum permissible deformation of NASC is only about 10% of that of rubber and the bearing capacity of NASC is greatly improved. The tensile module can be used to characterize the bearing capacity of NASC. The longitudinal tensile module E cL can be calculated by Eq. (27) if the aspect ratios of fibers are relatively concentrated, otherwise it can be calculated by Eq. (28). 
where n is the mean aspect ratio of fibers with the length l n , V fn is the volume content of fibers with the length l n , and f p =1-1.9p+0.9p 2 . The Halpin-Tsai equation is employed to predict the transverse tensile module of NASC E cH with single orientation.
where fm fm 1 2
EE -= EE+
In consideration of the effect of fiber length and orientation and porosity of material on the transverse tensile module, Eq. (32) is established.
Prediction of the longitudinal tensile strength
The temperature-related longitudinal tensile strength cL σ T of NASC can be calculated by Eq. (33). =E ε , and f d is the weakening coefficient of rubber induced by fibers. When the aspect ratio is smaller than the critical value c , the debonding between fibers and the matrix will occur. However, when > c , the fiber breaks. Therefore, the temperature-related longitudinal tensile strength can be calculated according to Eq. (34). 
Prediction of the transverse tensile strength
The transverse tensile strength is a main evaluating indicator for NASC in engineering, and its prediction may be performed according to 3 cases, as follows. 
Prediction of compression-resilience performances
NASC is used to make gaskets, and the direction of compressive loads acting on it is normal to the orientation direction of fibers. The model of a compressive type single-fiber cell (Fig. 16 ) is established to derive the compression-creep constitutive equation of NASC with the assumption L≈l. The cell model is divided into three parts along compression-resilience direction; the first part consists of matrix, interface and fiber (0-1), the second part consists of matrix and interface (1-2), and the third part includes only matrix (2-3).
Fig. 16. A model of a compressive type single-fiber cell
The total strain of the material ε cc under the load F c holds
The compressive stress and strain of material relate to time. The compression-creep constitutive equation of NASC is in the form
The compression rate of NASC can be calculated by 
Substituting ΔT=0 into Eq. (46) gives the resilient rate of NASC at room temperature.
Prediction of creep behavior
The creep behavior equation of NASC can be expressed by Eq. (48).
Because the strain in both fiber and interface is much smaller than that in matrix, only the strain in matrix is considered under compressive load. Then the stress-strain relationship of the third part in Fig.6 resulted from the resilience constitutive equation is in the form
If the compressive strain ε cc is constant during the course of stress-resilience, Eq. (50) is obtained. The stress-resilience equation of NASC is in the form
The detailed derivation of Eqs. (7)- (51) can be found elsewhere (Zhu, 2008) .
Performance evaluation of NASC
Mechanical performances of non-asbestos sealing composites
The properties of NASC specified in current standards include mainly density, transverse tensile strength, plasticity, oil resistance, and so on. The performances of non-asbestos sealing gaskets can be divided into two types. One is related to the performance indexes of gasket products, which are the main items of product inspection prescribed in gasket product standards. These performance indexes are the important basis for evaluating the quality of gasket products. They involve compressibility, resilient rate, stress relaxation rate and leakage rate (AQSIQ, 2003; AQSIQ, 2008) . The other is correlated with the gasket constants in current code design guidelines, such as gasket yield factor y which is defined as the minimum gasket stress required to cause the gasket material to deform into the flange face irregularities and gasket factor m which is defined as the ratio of the minimum gasket stress needed to hold the joint sealed under the operating conditions to the internal pressure p (ASME, 2007). In this section, the theoretic prediction and experimental evaluation of some performances of NASC and gasket products are presented.
Test apparatus and procedure
A series of tests for tensile property, compressibility, resilient rate, and stress relaxation property were conducted on an INSTRON 3367 universal testing machine. Samples were made of the developed NASC reinforced with aramid fiber, as mentioned in section 3.2. For tensile tests, the dumbbell-shaped samples were adopted, and the tests were performed according to the Chinese standard GB/T 1447-2005 "Fiber-reinforced plastics composites/determination of tensile properties". The test conditions are listed in Table 8 . -3, 4-6,7-9 5, 10, 15, 20, 30, 40 200 293, 373, 423 Table 9 . The conditions for compressibility and resilient rate tests www.intechopen.com
Advances in Composites Materials -Ecodesign and Analysis
For the tests of the stress relaxation property, the samples were placed in the chamber of the testing machine and heated to the desired test temperatures. After the temperature remained constant for about 5 minutes, the compressive loads were applied to the samples. The change in compressive stress of the samples was measured over time under the constant sample deformation. The test conditions are listed in Table 10 . Table 10 . The conditions for stress relaxation tests
Results and discussions
Figs. 17 and 18 show the stress-strain curves of the samples at room temperature with different fiber mean aspect ratios and fiber volume contents V f , respectively. 19 illustrates the stress-strain relationships of the samples at different test temperatures with a known fiber mean aspect ratio and a given fiber volume content. In these figures, symbols "Δ, □, o" represent experimental data, and the curves are plotted according to the prediction formulae proposed in section 5.2. It can be seen from the Figs. 17-19 that the slope of stress-strain curves of NASC increases with the increase of fiber mean aspect ratio and fiber volume content. Aramid fiber has a good reinforcing effect on elastomer matrix composites. The larger the fiber mean aspect ratio, the more obvious is the reinforcing effect. Because the modulus of aramid fiber is much larger than those of elastomer matrix material and compatibilization fiber like sepiolite fiber, the increase in the aramid fiber content results in the significant augment of the strength of NASC.
The error between the experimental data and values predicted using the derived constitutive equation increases with increasing strains, and all the predicted stresses are larger than those obtained by experiments. The essential reason for the error of prediction is that the difference between the aspect ratios of various fibers was neglected. The changes in the transverse tensile strength of NASC with fiber mean aspect ratio and fiber volume content are shown in Figs. 20-21. The transverse tensile strength increases with the increase in the fiber mean aspect ratio and the fiber volume content. The transverse tensile strength of NASC is interrelated with temperature, and it deceases with increasing temperature. The temperature induces thermal stresses in the fiber, matrix and fiber-matrix interface, which affect the temperaturedependent tensile strength of the composite finally. Because the coefficient of thermal expansion of the elastomer matrix is much lager than that of the fiber, big thermal stresses both in the fiber and in the matrix will be generated with variation of temperature, and a small shear stress in the fiber-matrix interface is produced as well . These factors result in the decrease of transverse tensile strength with increasing temperature. The compressibility and resilient rate of NASC obtained by tests and those predicted using Eqs. (43) and (46) are listed in Table 11 . It can be found that the compressibility of NASC increases with increasing the maximum compressive stress and decreasing the fiber volume content, while the resilient rate decreases with the increase in the maximum compressive stress and the fiber volume content. 6.2 Sealing behaviour of non-asbestos sealing composites 6.2.1 Leakage model of non-asbestos gasket sealing NASC can be assumed to be a kind of porous media. The flow of gas through porous media includes molecular transfer and convection transfer. The leakage rate L of gases flowing through porous media can be calculated using the capillary model (Gu et al., 2007b) .
where r i and l m are the radius and the average length of capillaries, respectively, c is the bending coefficient of capillaries, η the dynamic viscosity of gases, T the Kelvin temperature of gases, M the gas molecular weight, R the gas constant, p m the average pressure, p m =(p 1 +p 2 )/2, and p 1 and p 2 are the pressures at the entrance and exit of capillaries, respectively. There exists the following relationship between the number k and the radius r i of leakage paths and the gasket compressive stress σ:
According to Eqs. (52)- (54), the leakage rate of gas through gasket sealing joints L can be calculated by the following formula:
where l is the gasket effective width, A L , A M , n L and n M are regression coefficients which can be obtained from experimental data, and σ 0 is the gasket seating stress prescribed in the corresponding gasket standards (AQSIQ,2003 , AQSIQ,2008 . 
Test verification and leakage rate prediction method
Tests were performed on a fully automatic testing machine for gasket performances, and the specific details on the test machine and test procedure can be found in the reference (Gu et al., 2007b) . The test conditions are listed in Table 12 The relationship between medium pressure difference p 1 -p 2 and leakage rate L under different gasket seating stresses σ S is shown in Fig. 26 , in which symbols represent experimental data, and curves are plotted according to the leakage model. The experimental results show that the leakage rate increases obviously with the increase of the test medium pressure when the gasket seating stresses are smaller. On the contrary, when the gasket seating stresses are larger, this tendency is not obvious. The variation of leakage rates with pressure difference across gasket width follows precisely the curves represented by the leakage model, as indicated by the high value of the correlation coefficient R which is nearly equal to unity. The coefficients A L , A M , n L and n M in Eq. (55) can be obtained by regression analysis of the experimental data, and they are listed in Table 13 . According to Eq. (55) and the regression coefficients, the relationships between the pressure difference and the leakage rate under different gasket compressive stresses are obtained, and they are also illustrated in Fig. 26 .
2.79×10 -12 4.08 3.06 0.984 According to Eq. (55) and the regression coefficients in Table 13 , the leakage rates of other gases leaking through non-asbestos gaskets with different sizes and used under various working conditions can also be predicted. It can be assumed that the leakage paths in gaskets are distributed uniformly in the circumferential direction. The larger the gasket perimeter, the more the leakage paths are. Therefore, when the leakage rate prediction is performed for the gaskets with different sizes, the correction of Eq. (56) is necessary, and hence, the leakage prediction formula holds:
where D 1 and D 2 are diameters of the tested gasket and the gasket on which the leakage rate will be predicted, respectively. It can be seen from Eq. (55) and Eq. (56) as well that the total leakage rate of gases through non-asbestos gaskets is the sum of the laminar flow rate and the molecular flow rate. The leakage is mainly the molecular flow when the gasket seating stress is large and the gas pressure is low, and the leakage rate is directly proportional to the pressure difference (p 1 -p 2 ). On the contrary, when the gasket seating stress is small and the gas pressure high, the leakage is predominantly the laminar flow. In this case, the leakage rate is in direct proportion to the square difference of pressures (p 1 2 -p 2 2 ), and the influence of the molecular flow can be ignored. The latter situation represents the leakage state of gasket sealing joints in most pressure vessels and piping.
Conclusions
Two kinds of non-asbestos sealing composites were developed by using aramid, glass, and pre-oxidized carbon fibers as reinforcing fibers, and nitrile rubber and natural rubber as binders. Design of these composites as well as preparation techniques were discussed. The surface treatment effects of fibers by using such methods as immersion coating, surface oxidation and plasma treatments were investigated. The results of the transverse tensile test and the SEM analysis reveal that the surface pretreatment can largely enhance the associative strength of the interface between fiber and matrix. Both the molding and the calendaring preparation processes of NASC were presented. Contents of main compositions of two kinds of NASC were determined by uniform design and regression design methods in which the transverse tensile strength, compressibility, resilient rate and stress relaxation rate of the composites were used as evaluation indexes. According to the data resulted from mixing regression design experiments, the regression equation was obtained. Methods for measuring and characterizing the micro structural parameters including the aspect ratio, orientation, distribution of short fibers, interphase thickness, and porosity of NASC were discussed. The short fiber aspect ratio can be obtained by measuring the dimensions of the fibers that were separated from the composite, and results can be evaluated by the mean aspect ratio method, the histogram method and the distribution function method. The short fiber orientation can be tested by the section-analysis method and the plane-observation method, and results can be evaluated by the distribution function method, the histogram method and the modified coefficient method.
The micromechanical model of a single fiber cylindrical cell, which includes fiber, matrix and their interphase, was established. The stress transfer mode among the fiber, the matrix and the interphase was investigated, and the stress distributions in them were obtained. A model of a compressive type single-fiber cell was established, and the prediction methods for the stress-strain relationship, the tensile module, the longitudinal tensile strength, the transverse tensile strength, the compression-resilience performance and the creep behavior were proposed. A series of tests for tensile property, compressibility, resilient rate, and stress relaxation property of NASC were conducted. The experimental results were compared with the predicted values. The predicted stress-strain relationship of NASC is in good agreement with the experimental result when the strain of the composite is relatively small, while the error is obvious when the strain is relatively large. The transverse tensile strength increases with the increase of the fiber volume content and the mean aspect ratio and decreases with the increase in the test temperature. All the experimental results are smaller than those predicted, and the maximum error between them is about 13%. The compressibility increases with increasing the maximum compressive stress and decreasing the fiber volume content, while the resilient rate decreases with the increase in the maximum compressive stress and the fiber volume content. They are nearly irrelevant to the fiber mean aspect ratio and orientation. The errors both between the predicted compressive rates and experimental data and between the predicted resilient rates and the experimental results are less than 15%. At the beginning of the stress relaxation, the stress in the composite decreases quickly, the stress relaxation speed decreases essentially after 80 to 100 minutes, and the stress relaxation curve trends to be a straight line. The stress relaxation rate increases with increasing initial stress and temperature and decreasing fiber volume content. Such microstructure parameters as fiber mean aspect ratio and orientation have less evident influence on the stress relaxation property of NASC. The experimental and predicted results are basically identical, and the maximum error is about 8.5%, which indicates that the stress relaxation property of NASC can be well evaluated by the stress relaxation equation presented in this chapter. A leakage model was developed to predict non-asbestos gasket leakage rates with different gasket sizes and various gases under different working conditions. The model is constructed on the base of the gasket leakage tests conducted over a nitrogen pressure range of 1 to 6 MPa and a gasket seating stress range of 20 to 60 MPa. The established model gives relatively accurate predictions, but it is necessary to conduct additional tests before predicting leakage rate of other types of gaskets. High temperature will cause the deterioration of sealing materials and result in the increase of leakage rates, which has not been taken into consideration in the present model, and this subject should be studied.
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